Abstract. Casein kinase 2 interacting protein-1 (CKIP-1; also known as PLEKHO1) is involved in regulating many processes such as cell proliferation, differentiation and apoptosis. CKIP-1 also plays an important role in many types of cancer, such as colon, breast cancer and human osteosarcoma. In the present study, we found that CKIP-1 was reversely associated with the proliferation of non-Hodgkin's lymphoma (NHL) and cell adhesion mediated drug resistance (CAM-DR). We demonstrated that knockdown of CKIP-1 promoted the proliferation of NHL cells through interacting with Akt and suppressing Akt phosphorylation. In addition, adhesion of lymphoma cells to fibronectin or stroma cells (HS-5 cells) decreased CKIP-1 expression, which led to the upregulation of Akt phosphorylation. Importantly, we showed that the phosphorylation of Akt was correlated with CAM-DR phenotype in NHL cells. Taken together, the present study shed new light on the molecular mechanism of CAM-DR in NHL and targeting CKIP-1 may be a novel therapeutic target for NHL.
Introduction
Non-Hodgkin's lymphomas (NHLs), derived from B-or T-cell, constitute a heterogeneous group of malignant lymphoproliferative disorders (1, 2) , which accounts for approximately 90% of all lymphomas (3). The incidence of NHLs has increased in recent years and is still associated with significant mortality. Despite intensive efforts in developing new therapies, the emergence of clinical drug resistance remains a barrier to successful treatment of lymphoma (4, 5) . Recently, evidence has accumulated showing that lymphoma tumor microenvironment provides sanctuary for lymphoma cells through interaction which occurs between the lymphoma cell and its microenvironment (lymph node stroma) (6) . Adhesion of lymphoma cells to microenvironment components is shown to be a critical determinant for mediating tumor resistance to cytotoxic therapy (cell adhesion mediated drug resistance; CAM-DR) (7) . CAM-DR is one of the most important mechanisms in tumor cell microenvironment protection. However, it remains unclear how the lymphoma microenvironment influences lymphoma cell survival and responses to therapy, as well as the molecular mechanisms involved.
The PH domain-containing casein kinase 2 interacting protein-1 (CKIP-1; also known as PLEKHO1) is involved in regulating many processes such as cell proliferation, differentiation and apoptosis (8) . CKIP-1 also plays an important role in many cancers, such as colon, breast cancer and human osteosarcoma (9) . CKIP-1 has been reported to regulate numerous important proteins controlling cell survival, such as CK2, Akt and Smurf1. It has been generally demonstrated that the activities of CK2, Akt and Smurf1 are elevated in many human cancers (10) (11) (12) . In addition, CKIP-1 negatively regulates several important pathways, such as TGF-β/BMP signaling, and PI3K/Akt signaling, indicating that CKIP-1 acts as an crucial master in tumorigenicity control (11) . A previous study reported that CKIP-1 enhances sensitivity to chemotherapy drugs by targeting the Akt PH domain and suppressing Akt kinase activity in human cancers (10) . It has been reported that knockdown of CKIP-1 in colon cancer
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AKT activity in non-Hodgkin's lymphoma cells shortened the G1/S phase and reduced cell proliferation due to decreased Akt kinase activity (13) . These observations together revealed that CKIP-1 might function as a potential tumor suppressor. However, the functional role of CKIP-1 in non-Hodgkin's lymphoma (NHL) has never been elucidated. Considering the pivotal role CKIP-1 played in tumorigenicity control and the fact that CKIP-1 can regulate Akt activity, it would be intriguing to verify whether CKIP-1 plays a key role in CAM-DR in NHL.
In the present study, we aimed to investigate the expression and function of CKIP-1 in NHL and CAM-DR phenotype. This study demonstrated for the first time that CKIP-1 is a novel prognostic indicator in NHL. Furthermore, we also demonstrated that CKIP-1 plays a critical role in CAM-DR via interacting with Akt and regulating Akt kinase activity in NHL. Taken together, this study may provide a novel perspective for a better understanding of the role for CKIP-1in NHL and CAM-DR.
Materials and methods
Cell culture. Burkitt lymphoma cell-line Raji and diffuse large B-cell lymphoma (DLBCL) cell lines OCI-Ly8 were obtained from Fudan university (Shanghai, China). Bone marrow stromal cell line HS-5 was obtained from Cell Library, China Academy of Science. The human lymphoma cell lines were grown in suspension in RPMI-1640 (Sigma-Aldrich, Rehovot, Israel) and the HS-5 was grown in F12 (Sigma-Aldrich), supplemented with 10% fetal bovine serum (FBS; Gibco-BRL, Grand Island, NY, USA) at 37˚C and 5% CO 2 .
Cell co-culture. Firstly, dishes were coated with 40 lg/ml human FN (Sigma-Aldrich) or HS-5 cells at 37˚C. Secondly, lymphoma cells (10 5 cells/ml) were allowed to adhere to preincubated FN or HS-5 for 24 h. Finally, adherent cells were removed for subsequent experiments.
Western blot analysis and antibodies. The following monoclonal antibodies were purchased: CKIP-1 (Cell Signaling Technology, Beverly, MA, uSA); AKT (Cell Signaling Technology), Gsk-3β (Cell Signaling Technology), anti-p-Akt (Ser473) and anti-pAkt (Thr308) (Cell Signaling Technology) and pGsk-3β (Cell Signaling Technology); anti-β-actin (Sigma-Aldrich). Protein was run on a 10% PAGE and transferred to polyvinylidine difluoride filter (PVDF) membranes. The membranes were blocked with phosphate-buffered saline (PBS) containing 5% skim milk and 0.1% Tween-20 and then incubated with primary antibody overnight at 4˚C. After washing with PBS containing 0.1% Tween-20 three times, each for 5 min, filters were incubated with horseradish peroxidaseconjugated secondary antibody for 2 h at room temperature. values were responsible for at least three independent experiments.
Transient transfection. Full-length CKIP-1 cDNA were amplified using PCR and subcloned into pCMv-HA and pcDNA3.1 constructs. Control-siRNA and CKIP-1-siRNA were purchased from Shanghai GenePharma, Co., Ltd. (Shanghai, China). Transfection was performed using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. Then, siRNA-resistant CKIP-1 construct (designated myc-rCKIP-1) was generated by introducing silent mutations in the targeting regions for CKIP-1-siRNA. NHL cells were plated in FBS free RPMI-1640 medium without antibiotics and cells were transfected at 70-90% confluence. Transfection was carried out according to the manufacturer's instructions. Transfected cells were used for subsequent experiments 48 h after transfection.
RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA of Raji cells and OCI-Ly8 cells were extracted by a TRIzol extraction kit according to the manufacturer's protocol. The total RNA was reverse-transcribed by the ThermoScript RT-PCR system (Invitrogen, Carlsbad, CA, USA). cDNA was amplified using the following primers: CKIP-1 F, 5'-AATTCTGCGGGAAAGGGATTT-3' and R, 5'-AACACCTCCTGACTGTTTTCTC-3'; c-Myc F, 5'-AATCCTGTACCTCGTCCGAT-3' and R, 5'-TCTTCTC CACAGACACCACA-3'; cyclin D1 F, 5'-TGCTACCGCACA ACGCA-3' and R, 5'-TCAATCTGTTCCTGGCAGGC-3'; cyclin E F, 5'-CTCCAGGAAGAGGAAGGCAA-3' and R, 5'-TCGATTTTGGCCATTTCTTCA-3'; GAPDH F, 5'-AGG TCGGTGTGAACGGATTTG-3' and R, 5'-TGTAGACCATG TAGTTGAGGTCA-3'. After amplification, the products were separated on an agarose (1.5%) gel and visualized under uv light.
Cell viability assay. The cells were seeded on a 96-well plate (Corning Incorporated, Corning, NY, uSA) with a density of 1x10 6 /well in volumes of 100 µl and grew 12 h with or without the addition of doxorubicin (Sigma-Aldrich). Then, cell proliferation was measured using Cell Counting kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). The absorbance was read by a fluorometer (CytoFluor; Applied Biosystems, Foster City, CA, USA) at 450 nm with a reference wavelength of 630 nm.
Apoptosis measurements. Drug-induced apoptosis following exposure to doxorubicin (Sigma-Aldrich) was detected in NHL cells. In short, following 48 h of chemotherapy agent exposure, apoptotic cells were detected using Annexin v-FLuOS Staining kit (Roche Diagnostics, Indianapolis, IN, uSA) according to the manufacturer's protocol. Cells were washed three times and were resuspended in 100 l of Annexin v-FLuOS labeling solution at a concentration of 1x10 6 cells/ml incubate in the dark for 15 min. To analyse apoptosis, flow cytometry (BD FACSAriaII) was performed to analyze the labeled cells.
Immunoprecipitation. Immunoprecipitation was performed as previously described (14) . In short, cell lysates was incubated with anti-CKIP-1 antibody or control IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4˚C overnight. Protein A/G (Sigma-Aldrich) was then added for 2 h at 4˚C with rocking. The precipitates were washed three times with homogenization buffer and boiled for 10 min with SDS sample buffer followed by western blot analysis.
Soft agar colony assays. In short, cells were resuspended at 1x10 3 cells in 0.5 ml of 0.35% agar solution (Sigma-Aldrich, St. Louis, MO, uSA) containing RPMI-1640 cell culture medium and layered on top of a 0.8% agar layer in 24-well plates. Plates were then maintained for 14 days at 37˚C with 5% CO 2 . Cell colonies were stained with 0.5% crystal violet and visualized by microscopy.
Statistical analysis. All experiments were repeated at least three times. All data are reported as mean ± SEM. The calculations were analyzed using the Statistical Package for Social Science SPSS 19.0 software (SPSS, Inc., Chicago, IL, uSA). Statistical significance was set at P<0.05.
Results

CKIP-1 expression levels were deregulated in proliferating NHL.
It has been reported that CKIP-1 is deregulated in multiple malignant tumor cell lines and tissues, such as breast (15) , colon cancer (11) and human osteosarcoma (16) . However, the expression of CKIP-1 in NHL is still unknown. In the present study, we first investigated the alterations of CKIP-1 during NHL progression. Raji and OCI-Ly8 cells were cultured in serum-free medium for 72 h, and released with RPMI-1640 medium containing 10% FBS for the indicated period of time. Flow cytometric analysis demonstrated that cells were arrested in the G1 phase due to serum deprivation, and the cells were released from the G1 phase and entered the S phase following serum re-feeding ( Fig. 1A and B) . Next, we analyzed the expression of CKIP-1 in proliferating NHL cells.
As expected, CKIP-1 levels were decreased gradually after serum stimulation, which was in accordance with upregulation of PCNA in both Raji and OCI-Ly8 cells (Fig. 1C-F) . These data indicated that CKIP-1 might promote proliferation of NHL cells.
Knockdown of CKIP-1 promotes cell proliferation.
The repressed CKIP-1 expression in the progression of NHL inspired us to investigate whether CKIP-1 functions as a candidate tumor suppressor. Thus, we asked whether CKIP-1 could also have a role in regulation of NHL cell proliferation. To confirm our assumption, OCI-Ly8 and Raji cells were transfected with CKIP-1-siRNA or myc-tagged CKIP-1 (myc-CKIP-1) or their respective control. The interference efficiency was confirmed by western blot analyses ( Fig. 2A  and B) . CCK-8 assays were used to investigate the effect of CKIP-1 on OCI-ly8 and Raji cell growth. We observed that cells were transfected with myc-CKIP-1 showed reduced cell growth. On the contrary, cells were transfected with CKIP-1-siRNA exhibited increased cell growth ( Fig. 2C and D) . In addition, colony formation assay showed that knockdown of CKIP-1 resulted in a significant promotion of cell growth ( Fig. 2E and F) . All the data suggested that CKIP-1 might play a role in regulating cell proliferation.
Knockdown of CKIP-1 promotes cell cycle progression.
To further confirm the effect of CKIP-1 on cell cycle regulation, flow cytometric analysis was conducted and showed that CKIP-1 generate a decrease in the percentage of cells in the G1 phase when OCI-Ly8 and Raji cells were transfected with CKIP-1-siRNA, but more cells were found in the G1 phase in the presence of myc-CKIP-1 ( Fig. 3A and B) . To further understand the effect of CKIP-1 on cell cycle progression, we measured the cell cycle-regulatory protein expression levels in NHL. RT-PCR revealed that cells were transfected with CKIP-1-siRNA expressed more c-Myc, cyclin D1 and cyclin E compared with control-siRNA transfected ones (Fig. 3C) . Moreover, western blot analysis showed that knockdown of CKIP-1 resulted in a significant increase of c-Myc, cyclin D1, cyclin E and PCNA expression, whereas overexpression of CKIP-1 resulted in a significant decrease of their expression (Fig. 3D) . All the data indicate that knockdown of CKIP-1 in NHL cells promotes cell cycle progression.
CKIP-1 reverses CAM-DR in NHL.
A previous study reported that CKIP-1 is correlated to chemotherapy in human cancer cells (8, 10, 11) . To determine whether CKIP-1 was associated with CAM-DR in NHL, cell adhesion assays were first performed to assess the expression of CKIP-1. Western blot analysis and RT-PCR analysis showed that CKIP-1 expression was less obvious when cells adhered to FN or HS-5 cells compared with those cultured in suspension ( Fig. 4A and B) .
To confirm whether CKIP-1 had an effect on CAM-DR in NHL, we prepared myc-tagged plasmid expressing CKIP-1, which is resistant to silencing by CKIP-1-siRNA (designated myc-rCKIP-1). The transfection efficiencies were confirmed by western blot analysis (Fig. 4C) . Then, Raji and OCI-Ly8 cells were treated with 1 µM doxorubicin (Doxo). CCK-8 assays showed that adhesion to FN or HS-5 cells significantly protected OCI-Ly8 and Raji cells from chemotherapeutics compared to those cultured in suspension. In addition, we found that this protective effect was increased in cells transfected with CKIP-1-siRNA. Notably, presentation of the myc-rCKIP-1 in CKIP-1-depleted cells abrogated the protective effect (Fig. 4D) . Subsequently, flow cytometric analysis also showed that knockdown of CKIP-1 in Raji and OCI-Ly8 cells adhered to FN or HS-5 cells significantly decreased cell apoptosis. On the contrary, the presentation of the mycrCKIP-1 in CKIP-1-depleted cells increased cell apoptosis (Fig. 4E ). These data suggested that overexpression of CKIP-1 could reverse CAM-DR in NHL.
CKIP-1 negatively regulates the PI3K/Akt pathway by interacting with Akt.
A previous study demonstrated that CKIP-1 interacts with Akt, inhibits Akt phosphorylation and negatively regulates the PI3K/Akt pathway in breast cancer cells (15) . Thus, we wondered whether CKIP-1 overcame CAM-DR phenotype by regulating PI3K/Akt pathway. Firstly, we sought to determine whether CKIP-1 could interact with Akt in NHL. The immunoprecipitation experiment showed that Akt could interact with CKIP-1 in OCI-Ly8 (Fig. 5A) . Subsequently, Raji and OCI-Ly8 cells were transfected myc-CKIP-1 in different doses. Western blot analysis revealed that cells transfected with myc-CKIP-1 markedly reduced the phosphorylated Akt levels at Thr308 and Ser473 in a dose-dependent fashion.
Consistent with the decrease in phosphorylated Akt levels, cells expressing myc-CKIP-1 decreased the phosphorylation of GSK-3β in a dose-dependent fashion (Fig. 5B) . Then, we used the Akt inhibitor (MK2206) to check the role of Akt in the proliferative effect of CKIP-1. We found that MK2206 significantly reduced p-Akt and p-GSK-3β expression in Raji and OCI-Ly8 cells (Fig. 5C) . Notably, promotion of cell proliferation mediated by CKIP-1 was reversed by MK2206 in both Raji and OCI-Ly8 cells (Fig. 5D ). Flow cytometric assays were used to investigate the effect of CKIP-1 on apoptosis. This showed that there were higher proportions of apoptotic cells in CKIP-1-siRNA-transfected cells compared with controlsiRNA transfected ones. Moreover, CKIP-1-siRNA-mediated apoptosis was increased in cells treated with MK2206. As expected, overexpression of CKIP-1 reduced apoptosis; however, anti-apoptotic effects of CKIP-1 were abrogated in MK2206-treated cells (Fig. 5E ). All these data suggested that knockdown of CKIP-1 promoted cell proliferation and inhibited apoptosis by enhancing phospho-Akt expression.
CKIP-1 reverses CAM-DR via the Akt pathway.
Previous data suggested that CKIP-1 played an important role in the CAM-DR phenotype. It has been reported that the Akt signaling is the major pathway controlling cell growth and survival, and elevated phosphorylated Akt levels could potentially be causative for resistance to chemotherapy (17) (18) (19) . Thus, we verified the role of Akt in cell adhesion model. Western blot analysis showed that the phosphorylation levels of Akt (Ser473 and Thr308) was more obvious in cells adhered to FN or HS-5 cells than cells cultured in suspension, suggesting that Akt signaling pathways promoted drug resistance (Fig. 6A) . Thus, we suspected that CKIP-1 affected the CAM-DR by regulating the activity of Akt signaling pathways. Then, to determine whether CKIP-1 regulated CAM-DR phenotype via the Akt pathway, Raji and OCI-Ly8 cells were treated with MK2206 or DMSO (control). CCK-8 assays showed that knockdown of CKIP-1 in OCI-Ly8 and Daudi cell adhesion to FN or HS-5 cells significantly increased cell viability, but the protective effect mediated by knockdown of CKIP-1 was clearly reversed in MK2206-treated cells (Fig. 6B and C) . All these data indicated that CKIP reversed CAM-DR via Akt pathway. 
Discussion
Non-Hodgkin's lymphoma (NHL) comprises a heterogeneous group of lymphoproliferative disorders containing indolent as well as aggressive subtypes (1-3). The incidence of NHL was increased in recent years and is still associated with significant mortality. Despite intensive efforts in developing new therapies, the emergence of clinical drug resistance remains a barrier to successful treatment of lymphoma (6) . Previous studies have shown that NHL cells adhered to FN or stromal cells (HS-5 cells) confer a multidrug-resistant phenotype and that disruption of cell adhesion-mediated signaling may increase the efficacy of chemotherapy drugs (20, 21) . CKIP-1, also known as PLEKHO1, the PH domaincontaining casein kinase 2 interacting protein-1, has been identified to play an important role in regulating many processes such as involved in tumor cell proliferation, muscle cell differentiation and cell apoptosis (8) . In many cancers, the expression of CKIP-1 is markedly declining, including human osteosarcoma, colon (11) and breast cancer (15) . Knockdown of CKIP-1 in macrophages can shorten the G1 phase and accelerate cell proliferation (13) . In human colon cancer, CKIP-1 functions as a potential tumor suppressor and scaffold molecule that may modify and regulate the activities of several signaling pathways, including PI3K/mTOR and TGF-β/BMP (11) . Furthermore, CKIP-1 enhances the sensitivity to chemotherapy drugs by targeting the Akt PH domain and suppressing Akt kinase activity in human cancers (8) . Although CKIP-1 has been reported to reduce cell proliferation as a tumor suppressive gene in various cancers (8, 10, 15, 22) , the biological role of CKIP-1 in the formation and progression of NHL remains unknown. In the present study, we investigated the function of CKIP-1 in NHL for the first time. Firstly, we demonstrated that CKIP-1 was highly associated with NHL cell proliferation, and knockdown of CKIP-1 could promote the proliferation of NHL cells (Fig. 2C-F) . Then, we determined the mechanism underlying the effect of CKIP-1 on regulating cell proliferation, and flow cytometric analysis revealed that knockdown of CKIP-1 generate a decrease in the percentage of cells in the G1 phase, but more cells were found in the G1 phase in the presence of myc-CKIP-1 ( Fig. 3A and B) . These findings revealed that the arrest in G1 phase might be the major reason for its inhibition of proliferation after CKIP-1 was overexpressed in NHL cells. Moreover, we detected the expression levels of mRNA transcripts encoding cell cycle-regulatory proteins in NHL cell. OCI-Ly8 and Raji cells transfected with CKIP-1-siRNA expressed more c-Myc, cyclin D1 mRNA and cyclin E mRNA compared with control-siRNA transfected ones (Fig. 3C) .
It has been widely demonstrated that CAM-DR through direct cell contact and adhesion may be a major cause of tumor cell drug resistance in hematologic malignancies (23) (24) (25) . The present study showed that adhesion to HS-5 cells or FN decreased CKIP-1 expression, and the depressed levels of CKIP-1 significantly promote the proliferation of NHL cells (Fig. 2C-F) . We found that knockdown of CKIP-1 could promote CAM-DR phenotype in NHL (Fig. 4D and E) . Therefore, the apparent opposing roles of CKIP-1 suggest that, transient upregulation of CKIP-1 prior to treatment with chemotherapy may have a therapeutic benefit. However, how adhesion to FN or HS-5 cells influences CKIP-1 expression, as well as the molecular mechanisms involved, is still unclear and needs to be further elucidated.
For this reason, we elucidated the downstream target of CKIP-1 in regulating NHL cell tumorigenesis. In this regard, a previous study has identified that CKIP-1 interacts with Akt, and suppresses Akt phosphorylation and decreases Akt kinase activity in many human cancers (10) . It has been reported that the PI3K/Akt signaling is the major pathway controlling cell growth and survival, and the elevated phosphorylated Akt levels could potentially be causative for resistance to chemotherapy (26, 27) . Thus, we verified the role of PI3K/Akt in cell adhesion model. Western blot analysis revealed that the phosphorylation levels of Akt (Ser473 and Thr308) was more obvious in cells adhered to FN or HS-5 cells than cells cultured in suspension, suggesting that PI3K/Akt signaling pathways are involved in drug resistance (Fig. 6A) . Moreover, Raji and OCI-Ly8 cells were transfected with myc-CKIP-1 in different doses. We found that knockdown of CKIP-1 markedly upregulated the phosphorylated Akt levels at Thr308 and Ser473 and the phosphorylation of GSK-3β in a dose-dependent fashion (Fig. 5B) . Consequently, we detected the levels of apoptosis in CKIP-1 silencing cells and found that knockdown of CKIP-1 decreased cell apoptosis in the cell adhesion model, which can be reversed by Akt inhibitors (Fig. 6C and D) . In summary, all data suggested that knockdown of CKIP-1 could accelerate proliferation and CAM-DR primarily through regulating the phosphorylation levels of Akt in NHL.
In conclusion, the present study suggests that CKIP-1 functions as a potential tumor suppressor and was highly associated with cell proliferation and played an important role in CAM-DR in NHL. Knockdown of CKIP-1 could accelerate the proliferation of NHL cells and promote CAM-DR phenotype in NHL. In the future, this may be an effective strategy for treatment of NHL. 
